Transient thermal imaging of a vertical cavity surface-emitting laser using thermoreflectance microscopy INTRODUCTION Thermal effects on the operation of Vertical Cavity Surface-emitting Lasers (VCSELs) are well documented and can range from optical power reduction and variations in threshold current 1 to polarization switching, 2 local gain compression, 3 and self-focusing due to thermal lensing. 4 Studies of thermal effects in VCSELs in the past have been extensive and include spatially resolved spontaneous electroluminescence wavelength shift (l-EL) measurement 5 and scanning thermal microscopy (SThM). 6 In the latter method, the measurement was done on the cross section of the VCSEL and not on the light emitting surface to avoid the absorption of the laser light by the SThM temperature sensor.
Thermal distribution, thermal resistance, and thermal lensing in VCSELs have also been measured using high resolution, all optical technique of thermoreflectance microscopy. 7 The same technique is also used for measuring thermal cross-talk in VCSEL arrays 8 and cross-plane thermal diffusivity of a VCSEL 9 under operating conditions. In all of the previous thermoreflectance measurements of a VCSEL, the thermal distribution has been determined in the frequency domain and in steady-state conditions. Since in many applications, the VCSEL has to be pulsed at high rates, it is important to understand the thermal response of the laser as a function of time (thermal transients). In this paper, we present the results of transient thermal imaging of a VCSEL using charge-coupled device (CCD)-based thermoreflectance microscopy. In addition to measuring the thermal time constants on the surface of the VCSEL, we compare our results with a timedependent heat transfer model which confirms the reduction of thermal diffusivity in the multi-layered structure of a VCSEL.
EXPERIMENTAL METHOD
Transient thermal images reported in this paper are obtained using a thermoreflectance imaging technique. 10 Thermoreflectance is based on the fact that the relative change in the reflectivity (DR/R) of the device under test (DUT) is directly proportional to the change in temperature (DT)
where C th is the material and wavelength dependent thermoreflectance calibration coefficient. The value of C th is typically of the order of 10
À2
-10 À5 K À1 and can be obtained by performing an independent calibration experiment. Therefore, in the CCD-based thermoreflectance microscopy, a spatial profile of DT on the surface of the device can be obtained by measuring the spatially resolved maps of DR/R. Although the thermoreflectance measurements reported in this paper are not calibrated, a value of C th ¼ 2.3 Â 10 À4 K
À1
(Ref. 7) has been previously reported for the similar VCSEL under similar illumination wavelength of 470 nm. This will yield the order of magnitude of the calibration coefficient and thus DT in the present case. The schematic of the experimental set up for measuring DR/R is shown in Fig. 1 . The VCSEL is under a 100Â, NA ¼ 0.75 objective of an optical microscope and is actively cooled at 20 C by a thermoelectric cooler. The surface of the device is illuminated by a 470 nm blue light emitting diode (LED), and a blue band-pass filter (Chroma) is used to attenuate the laser light while allowing 80% transmission of the LED light. The changes in VCSEL's temperature are achieved by pulsing its bias current. The back reflected light is then detected by a 12-bit, 60 Hz CCD camera.
The VCSEL under test is a commercially manufactured, 850 nm, multimode, oxide confined laser with a threshold current of 1.4 mA (Thorlabs-VCSEL850). In order to ensure that the changes in the refractive index and thus the reflectivity are only due to thermal effects and not the changes in the carrier density, the VCSEL is biased above the threshold. This is achieved by adding a DC offset bias to the heating pulse. In this way, the VCSEL's current is pulsed from 2.5 mA to 9.5 mA, with a 25% duty cycle.
In order to obtain the time domain thermoreflectance images, we use the "pulsed-box car averaging technique." [11] [12] [13] [14] In this technique, the illumination source (LED) is pulsed in short durations. Fig. 2 shows the relationship between the VCSEL's heating pulse, LED pulse, and the camera trigger schematically. In each frame of the camera, many heating and cooling events occur. The duty cycle of the VCSEL's heating pulse is kept at around 25% or lower to allow for the complete cooling of the device between heating cycles. The LED acts as a strobe and is pulsed at a very low duty cycle (about 1%).
Decreasing the LED pulse width would improve the temporal resolution of the technique. The LED pulse is also given a controlled time delay with respect to the heating pulse. By sweeping this time delay over the entire width of the heating pulse, different points on the thermal transient curve of the device are sampled.
The thermoreflectance signal at each pixel is then measured as the relative difference between the "ON" image (where the heating pulse is on) and the "reference" image (where the heating pulse is off and time delay is zero). In other words
Different "ON" images are obtained by changing the delay time (s) between the LED and the VCSEL's heating pulse.
Since the thermally induced changes in pixel brightness are typically far smaller than the random fluctuations caused by the shot noise inside the CCD, averaging over many cycles is necessary to improve the signal to noise ratio for each image. This allows for resolving the thermoreflectance signal well beyond the inherent dynamic range of the CCD because of "stochastic resonance." 15 In order to quantitatively validate the purity of the thermal signal and ensure that no optical emission from the VCSEL has reached the CCD, an experiment was performed with continuous LED illumination. Thermal images were then taken at the VCSEL bias "off" and "on" positions. After averaging over 50 000 CCD frames (the same as the actual experiment), no thermal signal (DR/R) was detected, suggesting that the optical emission of the VCSEL was attenuated significantly by the band-pass filter. Fig. 3 shows the normalized transient response of the surface of the VCSEL aperture to a 30 ls (red diamonds) and a 40 ls (black squares) heating pulse as a function of the delay time. The thermoreflectance signal is averaged over the entire VCSEL lasing aperture. Although the thermoreflectance signal in these experiments is not calibrated to yield the value of temperature change, it should be noted that DT is proportional to the thermoreflectance signal DR/R via Eq. (1), and so, the transient behavior is the same. As can be seen from the figure, it takes about 30 ls for the temperature of the top diffracted Bragg reflector (DBR) layer of the VCSEL to reach its saturation value. Fig. 4 shows the thermal images for the case of the 40 ls heating pulse, at 10 ls time intervals. Each image is the average of 50 000 CCD frames.
RESULTS
One common feature of the transient response of the VCSEL surface is the slow rise of the temperature in the first 4 to 5 ls of heating as can be observed from Fig. 3 . Instead of a sharp increase at the onset of the heating pulse, the transient response shows a slow rise. This behavior can be explained by considering the fact that in thermoreflectance the thermal signal is measured at the surface of the top DBR layer of the VCSEL. However, the main heat sources in the VCSEL are buried underneath this layer, in particular, in the active region. Unfortunately, the exact dimensions of our VCSEL's layered structure are not known. However, according to the manufacturer, the top DBR layers are about 3.5 lm thick. Therefore, one can estimate the distance from the active region to the top surface of the VCSEL to be of the order of 4 lm. In the active region, heat is created by nonradiative recombination and absorption of spontaneous emission. The thermal transient curves of Fig. 3 suggest that it takes about 4 ls for the heat wave to reach the surface.
Assuming a one dimensional heat flow and ignoring the Joule heating in the top DBR layers, the thermal penetration depth, l th , is given by
where a ? is the cross-plane thermal diffusivity and t is time. At t ¼ 4 ls and l th ¼ 4 lm, a thermal diffusivity of the order of 2 Â 10 À6 m 2 /s can be obtained. This is in good agreement with the previous results both in an un-biased VCSEL structure 16 and in a biased VCSEL 9 with a similar structure to the one discussed here. This value is smaller than the bulk value for AlGaAs alloys by almost an order of magnitude 16 because of the decrease in thermal conductivity in multilayered structures due to increased phonon scattering at layer boundaries.
After the first 4 to 5 ls, the thermal relaxation on the surface of the VCSEL can be described by
where DR R max is the maximum value of the thermoreflectance signal at the surface of the VCSEL and s ðsÞ th is the thermal time constant of the surface. After the heating pulse is turned off, the thermal signal decreases exponentially as
Fig . 5 shows the results of fitting these two equations to the data of Fig. 3 for the 40 ls heating pulse (solid red lines). From these fits, a value of s ðsÞ th ¼ (9.7 6 0.5) ls for the surface thermal time constant can be obtained. Similar results are achieved by fitting the above equations to the 30 ls heating pulse curve of Fig. 3 .
DISCUSSION
In order to verify that the slow rise of temperature at the start of the heating pulse application is, indeed, due to thermal wave diffusion through the layers above the active region, we explored a time-dependent heat transfer model in a VCSEL using finite element method. Since the VCSEL used in these experiments is a commercially purchased device, the details of its structure are not known. However, we selected an oxide confined VCSEL structure discussed in detail in Ref. 17 as our model structure. Using MATLAB PDE Toolbox, we first checked our model at the steady state condition with the same parameters as in Ref. 17 and successfully reproduced their results. Ignoring radiation and convection, the parabolic (time-dependent) heat transfer equation (due to conduction) can be written as
where q, c, and k are the density, specific heat, and thermal conductivity of the material, respectively. T is the temperature, and q is the heat source density. In a VCSEL, with cylindrical symmetry, Eq. (6) reduces to a 2D equation in cylindrical coordinates which only depends on r and z. We used Neumann boundary conditions for all boundaries except for the bottom substrate surface which was kept at a constant 20 C, similar to the experimental conditions. For simplicity, we ignored the Joule heat sources in the DBR layers. The only heat source was located at the multi-quantum-well (MQW) active region. The values of density (q) and specific heat (c) for Al 1Àx Ga x As layers were calculated using the linear interpolations of the values for GaAs and AlAs. 18 For the DBR layers, these values were taken as the average for each period, weighted by the thickness of each corresponding layer in the period. We used the same thermal conductivity values for different layers as the ones used in Ref. 17 , with the exception of the top and bottom DBR layers and the MQW active region. For these layers, we used isotropic values for k, such that the thermal diffusivity
would be in the order of 10 À6 m 2 /s, which is justified based on previous measurements. 9, 16 This resulted in thermal conductivity of 3 W/m K for the DBR layers and 1.8 W/m K for the active region.
The variation of the thermal signal as a function of time on the top surface of the model VCSEL is shown in Fig. 6 (solid red line), along with our experimental data of Fig. 3 for the first 40 ls (solid squares). Since the two structures could be different in details such as layer thicknesses and compositions, the overall discrepancy between the experiment and the model is expected. However, with the choice of the above-mentioned thermal conductivities for the DBR layers and the active region, the slow rise of surface temperature in the first few microseconds after the onset of heating is observable in the model. This slow rise is not observed if the aforementioned thermal conductivities are kept as large as the bulk values. For a VCSEL with known structural details, the combination of thermal transient imaging experiment and finite element modeling can, in principle, yield physical parameters such as thermal conductivity and thermal diffusivity.
CONCLUSION
Thermal transient response at the top DBR layer of an active VCSEL is measured from the thermal images in a thermoreflectance microscopy setup. The transient curve shows a slow rise at the onset of heating, consistent with the thermal wave diffusion from the active region to the surface of the device. The slow rise time results in a cross-plane thermal diffusivity of the order of 2 Â 10 À6 m 2 /s which is an order of magnitude smaller than the bulk values. This fact is also verified using a finite element heat transfer model for a model VCSEL structure. This reduction of thermal diffusivity is due to the enhanced phonon scattering at the boundaries of the multi-layered structure of the VCSEL. A surface thermal time constant of (9.7 6 0.5) ls is also measured for the VCSEL. Fig. 3 (black solid squares) for the first 40 ls. The overall discrepancy between the model and the experimental values is expected due to the differences in the model VCSLE structure and the VCSEL studied in this work. The slow rise of the thermal signal at the onset of heating is evident in both model and experiment. This can only be achieved if the thermal conductivities of the DBR and active region layers are significantly (an order of magnitude) smaller than the bulk values.
